designed to hybridize specifically to primary transcripts, processed fragments and junctions, and/or final prodResults ucts of a representative group of coding and noncoding RNAs ( Figure 1A ).
Compilation of Known and Predicted RNA
RNA processing defects typically result in accumulaProcessing Proteins tion of one or more precursors, which contain unproIn order to generate a list of proteins known and precessed flanking sequences. At the same time, the reladicted to be involved in noncoding RNA and RNP biotive abundance of the downstream product(s) is often genesis, we first compiled a catalog of the factors known reduced. To assay for RNA processing defects, total to be involved in these processes. Combination of non-RNA from simultaneously grown wild-type and mutant coding-RNA-specific categories from two online datacultures was coupled directly to fluorescent dyes and bases (Issel- Tarver The result on the array is boxed in pink in Figure 1B : plied different combinations of data inputs to different the oligonucleotides complementary to the 18S product predictive systems (Supplemental Figure S1 ). In total, appeared green (since they detect both the 18S and the resulting set of 919 predicted RNA processing pro-20S rRNAs) and those specific to the flanking sequences teins contained 578 proteins annotated as "GO (gene contained only in the 20S precursor appeared red. ontology) biological process unknown" (Issel-Tarver et We initially tested the general utility of our array with al., 2002), including 75 predictions that arose indepena panel of 15 mutations in genes with well-established dently from more than one data source. In addition, roles in a variety of RNA processing events ( Figure 1B ; 341 proteins that carry other GO annotations were iden-RNA segments expected to show processing defects tified by one or more of the predictive strategies as are boxed). In all of these examples, patterns correbeing potentially associated with noncoding RNA biosynthesis.
sponding to the expected RNA processing defect(s) Kufel et al., 1999) . These examples supported mental Data), which automatically distinguishes whether the efficacy of both the tetO 7 -promoter approach and the microarray data from a mutant is more similar to the microarray methodology and showed that data positives than it is to negatives. This technique genercould be obtained from array spots corresponding to ated a single discriminant value (i.e., score reflecting normally low-abundance RNA fragments (e.g., introns, relative belief that a mutant is a positive) for each mutant snoRNAs, 5ЈETS and 3ЈETS of pre-rRNA), even though in each RNA class (regardless of whether the mutant measurements of these fragments are prone to error was positive, negative, or unknown). Since the score due to signal noise. One potential difficulty in interpreof each mutant was determined without knowledge of ting these data is that, due to normalization, reduction whether it was a positive or negative itself, the results of one RNA species often resulted in apparent increase provide an objective measure of how well de novo classiin other species (e.g., tRNA appears more abundant in fications can be made from the microarray data. Since the tetO 7 -RRN3 mutant because the rRNA is reduced; the scores for each RNA class were derived using only Figure 1B ). However, this can be overcome by (1) relatively small number of positive examples also makes Classifying Mutant Phenotypes Measured it difficult for the technique to extract patterns that dison the RNA Processing Microarray tinguish them from negatives. Together, these results We next asked whether mutations affecting different indicate that the array data can be used to objectively RNA classes could be accurately and objectively identiidentify mutants with processing defects in a variety of fied. Manual inspection of clustering diagrams (i.e., looknoncoding RNA classes. It is not surprising that the ing for expected patterns, as in Figure 1B ), while effecclassifications are less than perfect, since not all of the tive for the identification of specific defects (see below), expected defects in known RNA processing mutants was difficult to apply to all mutants and RNA types objeccould be detected by our array, and some of our mutant tively. Conventional 2D clustering analysis (Eisen et al., alleles did not display complete loss of function (since 1998) was confounded by the fact that many RNA promany tetO 7 -promoter alleles of essential genes do not cessing factors are involved in biogenesis of multiple completely cease growth). RNA species.
The discriminant values generated for the unknowns To enable impartial statistical analysis of individual can be used to guide and prioritize more detailed analy-RNA processing classes, we assigned each of the 468 sis of specific mutants in specific RNA classes. The six lower images in Figure 2A show the data from all of the mutants as "positive," "negative," or "unknown" for bio- (Figures 3 and 5A) . Deletion of MRT4, a nonessential gene previously implicated in mRNA turnfor 5.8S Formation The strain carrying a deletion in YHR081w (referred to over and also present in a published pre-60S complex (Harnpicharnchai et al., 2001) , also caused defects hereafter as LRP1, for Like Rrp6) displayed a prominent phenotype strongly resembling that of rrp6-⌬, whether closely resembling those of tetO 7 -MAK5, as did tetO 7 -YDR412w (Figures 3 and 5A ). Ydr412wp has not been assayed by microarray (Figures 3 and 6A (E) Alterations in tRNA dihydrouridine modification assayed by hybridization. Top: equal amounts of total RNA from each strain were resolved on 8% polyacrylamide/urea, blotted to nylon, and probed with radiolabeled oligonucleotide "Probe 1" and a U5-specific oligonucleotide. Bottom: the ratio of the tRNA-Ile2 final product (bottom band) to that of U5 (top two bands, taken together) was determined by phosphorimager analysis, and normalized to the average of the three wild-type lanes. (F) Schematic explanation of the dus1-⌬ results observed in (A) and (E) . Loss of dihydrouridine modification presumably results in higher binding affinity. also known as Rex1p). lrp1-⌬ also displayed a synthetic gous to Naf1p for Box H/ACA snoRNPs (Fatica et al.,  2002b) . However, the latter alternative is supported by interaction with rnh35-⌬ ( Figure 5D ). Lrp1p does not appear to be redundant with Rrp6p; there is no obvious the fact that Bcd1p was not detected in purified, enzymatically active Box C/D snoRNPs (Galardi et al., 2002). sequence similarity between the two proteins, and no synthetic genetic interaction between them was obBcd1p contains a predicted nuclear localization signal as well as a potential zinc finger domain, which together tained (data not shown). The Lrp1p-TAP purification contained Rrp6p (Figure 5C ), suggesting that the two suggest a role in binding and transport of nucleic acid. Detection of Covalent Modification of RNA Using proteins associate with the exosome simultaneously. In addition, lrp1-⌬ has a less pronounced effect than a Microarray Deletion of DUS1, which encodes a tRNA dihydrouridine rrp6-⌬ on processing of snoRNAs, snR38 and snR75 ( Figure 6B) . synthetase (Xing et al., 2002) , resulted in increased hybridization of RNA to array spots complementary to A YOR145c (PNO1) Mutant Bypasses A1 and A2 Cleavage 5Ј-ends of pre-tRNA ( Figure 6A, boxed in yellow) . We reasoned that tRNA 5Ј-end processing by RNase P Some of the mutants in uncharacterized genes displayed alterations in rRNA that could not be easily classimight be dependent on dihydrouridines in these tRNAs; however, no enrichment of any unprocessed precursor fied (Figure 3, bottom) . tetO 7 -YOR145c, for example, displayed an rRNA profile on the microarray that did not species in the dus1-⌬ mutant was observed by Northern blotting ( Figure 6E ). Instead, we detected a relative inmatch any of the common processing defects. By Northern blotting, tetO 7 -YOR145c showed complete or nearly crease in signal from the mature tRNA species ( Figure  6E ). This indicates that the increased signal on the precomplete loss of 20S and 27SA2 precursors, a defect in 18S accumulation, and what appears to be the prestRNA 5Ј-end microarray spots in dus1-⌬ is not due to altered tRNA 5Ј-end processing, but rather to increased ence of 22S (A0-A3) pre-rRNA ( Figure 4A, right) . shutoff, has the disadvantage that phenotypes are manifested gradually, making it difficult to distinguish primary biogenesis ( Figure 6C ). Furthermore, a BCD1-TAP purification was enriched for Box C/D snoRNAs, which could from secondary effects; however, it has the advantage that doxycycline at low concentrations is physiologically be detected by phenol-extracting RNA from the purification and hybridizing it to the microarray ( Figure 6D ), innocuous to yeast (Hughes et al., 2000) . We are currently creating a complete set of tetO 7 shutoff alleles for even when the amount of Bcd1-TAP protein and any associated proteins was too low for identification by all essential yeast genes (S.M. and T.R.H., unpublished data). mass spectrometry (Bcd1-TAP was visible by Western blotting against the TAP tag) (data not shown).
Often, assays that measure precise molecular defects are time-consuming, labor-intensive, and/or expensive. We cannot distinguish from these data whether Bcd1p is constitutively associated with Box C/D snoRNAs, or Microarrays are used widely for measuring nucleic acid abundance, particularly mRNA, and have previously whether it is an assembly or localization factor analo- Wu et al., 2002) . We have also not fully characterized many of the interesting mutants verified by Northern blotting the rRNA phenotypes of in the collection of 468 described here. Hence, the numtwo genes whose products were previously associated ber of proteins known to be required for production of with pre-60S particles (MRT4 and MDN1).
noncoding RNA and RNPs, particularly the ribosome, Although we focused primarily on confirming defects will almost certainly continue to increase, underscoring in mutants with easily interpreted array phenotypes, both the value of genome-scale research and the comthose with unusual patterns may ultimately prove the plexity of these processes. most interesting. GRC3, for example, is of particular interest because it appears to be both genetically and biochemically distinct from any other known ITS2 pro- may be worthwhile to consider selecting mutants for 
